Intergranular pinning potential and critical current in the magnetic superconductor 

RuSr 2 Gd! 5 Ce 5 Cu 2 Oi 
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The intergranular pinning potential U and the critical current density Jc for polycrystalline 
RuSr2Gdi.5Ceo.5Cu20io ruthenate-cuprate were determined at zero magnetic field and temperature 
through the frequency shift in the peak of the imaginary part of the ac magnetic susceptibility, x" ■ A 
critical state model, including a flux creep term, was found to accurately describe the x" behavior. 
The obtained values, U(H=0,T=0) 30 meV and J c (H=0,T=0) S 110 A/cm 2 are about two 
orders of magnitude and four times lower, respectively, in comparison with the high-T c cuprate 
YBa2Cua07. These results were ascribed to the effects of the Ru magnetization on the connectivity 
of the weak-linked network, giving an intrinsic local field at the junctions of ~ 15 Oe. The impact 
on Jc is less intense because of the small average grain radius (~1 /im). The intragranular London 
penetration length at T — 0, [Al(0) = 2 /an], was derived using a Kim-type expression for the field 
dependence of Jc- A possible source for the large value of Al in comparison to the high-T c cuprates 
is suggested to come from a strong intragrain granularity, due to structural domains of coherent 
rotated RuC>6 octahedra separated by antiphase boundaries. 



I. INTRODUCTION 

The coexistence of ferromagnetic (FM) long-range or- 
der of the Ru moments with a superconducting (SC) state 
in the ruthenate-cuprates RuSr 2 RCu 2 08 (Ru-1212) and 
RuSr 2 (R,Ce) 2 Cu 2 Oio (Ru-1222), where R = Gd, Eu, has 
been intensively studied in the recent years i 2 ^^^!^ 
Among several major open issues, the interplay between 
the transport properties and magnetism has received a 
great deal of attentioni^iifliiiii 2 . On the other hand, there 
are few reports on the intergrain properties, which ex- 
hibit very interesting features. The broad resistive SC 
transition (ATsc ~ 15-20 K) observed in good qual- 
ity Ru-1212 ceramic samples has been consistently ex- 
plained in terms of a strong intergrain contribution and 
spontaneous vortex phase formation in the grains, as ev- 
idenced through microwave resistivity measurements in 
powders dispersed in an epoxy resin^ An abrupt re- 
duction in the suppression rate of the intergranular flux 
activation energy with the increase in magnetic field has 
been observed at H = 0.1 T in polycrystalline Ru-1212, 
through a study of the I-V characteristic curves^ This 
behavior has been ascribed to a spin-flop transition of 
the Ru-sub-lattice, leading to a decrease of the effective 
local field at the junctions. In addition, a preliminary 
report 15 on I-V curves for Ru-1222 suggests that the low 
values obtained for the intergranular current density Jc 
is possibly related to its magnetic behavior, indicating 
that more investigation is needed to clarify this point. 
The peak of the SC intergrain transition, as determined 
from the derivative of the resistive curves, is quite in- 
tense and narrow in both ruthenate-cuprate systems. 16 
This result is at variance with the high-T c cuprates, ex- 
hibiting a smeared intergrain peak of small amplitude 
as a consequence of a broad-in-temperature phase-lock 



process across a wide distribution of link qualities. The 
results for the ruthenate-cuprates have been interpreted 
as a consequence of the effects of the Ru-magnetization 
on the grain boundaries, in such a way that the inter- 
grain percolation occurs only through a fraction of high 
quality junctions^ These reports clearly evidence that 
the magnetization in the grains leaves a sizable effect in 
the connectivity of the weak link network. Whether this 
unique feature of the ruthenate-cuprates changes the es- 
sentials of the intergrain properties in comparison to the 
high-r c superconductors remains an open issue; a quanti- 
tative determination of the parameters characterizing the 
intergrain coupling in these compounds is still lacking. 

Since the early works in the high-T c superconductors, 
ac magnetic susceptibility has proved to be a useful tool 
to characterize their granular properties ^LiSiiS In par- 
ticular, a critical state model for granular superconduc- 
tors was used to calculate the temperature, and both ac 
and dc magnetic field dependence of the complex sus- 
ceptibility, x = X ' + i x" ! f° r sintered bulk samples 
of YBa 2 Cu 3 7 (YBCO), 20 ! 21 ! 22 (Bi,Pb) 2 Sr 2 Ca 2 Cu 3 Oi 
and Bi 2 Sr 2 CaCu 2 0sr^ with excellent results. In this 
investigation we present detailed measurements of the 
ac magnetic susceptibility as a function of frequency / 
and amplitude h ac of the driving field in polycrystalline 
RuSr2Gd1.5Ceo.5Cu2O10-.5- We show that the simple 
models proposed to describe the dependence on these 
parameters of the imaginary part of the susceptibility, 
x", in the conventional cuprates 23,2 ^* 2 ^ 2 ^ quantitatively 
accounts for the behavior of the dissipation peak in Ru- 
1222. Nevertheless, the parameters characterizing the 
intergrain properties, as the pinning potential depth, the 
full penetration field and the critical current density, are 
considerably lower in Ru-1222 as compared to the high- 
Tc cuprates. We propose that these results are due to 
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effects of the Ru magnetization within the grains on the 
connectivity of the weak link network. To the best of our 
knowledge, there are no previous reports which quanti- 
tatively evaluates these magnitudes in Ru-1222. 



II. EXPERIMENTAL 

Polycrystalline RuSr 2 Gdi.5Ceo. 5 Cu 2 Oio_5 (Ru-1222) 
was prepared by conventional solid-state reaction. De- 
tails on sample preparation, microstructure and the re- 
sistive SC transition can be found elsewhere^ The room 
temperature x-ray diffraction pattern corresponds to Ru- 
1222, with no spurious lines being observed. Scanning 
electron microscopy revealed a dense packing of grains, 
with an average grain radius = 1 /xm, leading to a well- 
connected microstructure. The intragrain SC transition 
temperature is T S c = 22 K. 16 Bars of ~ 10 x 1.7 x 1.7 
mm 3 were cut from the sintered pellet. The real (\') 
and imaginary (x") parts of the ac magnetic susceptibil- 
ity were measured in a Quantum Design PPMS system, 
with ac amplitudes h ac — 0.03, 0.1, 0.3, and 1 Oe and 
frequencies / = 35, 100, 350 Hz, and 1.0, 3.5, and 10 
kHz. For / = 1 kHz the curves with h ac — 0.01 and 3 
Oe were also measured. The x" peak temperature, Tp, 
was determined by conventional numerical derivation of 
the experimental curves^ 
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FIG. 1: Temperature dependence of the imaginary part of the 
ac magnetic susceptibility, x" , for Ru-1222 using different am- 
plitudes and frequencies of the driving field. Selected curves 
for / = 0.1, 1, and 10 kHz are shown. For the sake of clarity 
not all measured data points are plotted. 



only selected curves are presented, for low, medium and 
high frequency values. The peaks in x" are grouped in 
four sets of data, corresponding to the ac amplitudes h ac 
used. Higher h ac values move the curves to lower temper- 
atures. Inside each set of data, the peaks are shifted to 
higher temperatures as / is increased. Typically, the to- 
tal temperature shift, Tp, for the measuring A/ interval, 
is approximately 2 K. In Fig. 2 we show a logarithmic 
plot of / vs. 1/Tp for different h ac values. The points 
clearly follow a linear dependence, corresponding to an 
Arrhenius-type expression / = f e?q>(Ef /kTp), where 
Ef plays the role of an activation energy associated to 
the frequency effects, /o is a characteristic frequency and 
k is the Boltzmann constant. The activation energies cal- 
culated from the slopes of the linear fits of the Arrhcnius 
plots are in the 8-30 meV range. The inset of Fig. 3 
shows Ef as a function of h ac using a logarithmic scale. 
For comparisons with the results obtained for the high-T c 
cuprates, we extrapolated to h ac = 0.02 Oe (= 1 A/m 
rms), giving E f (h ac =0.02 Oe) 30 meV. 




FIG. 2: Logarithmic plot of the ac driving frequency versus 
the reciprocal of the x" _ P ea k temperature Tp 1 for different 
hac amplitudes; from left to right h ac = 0.03, 0.1, 0.3, and 1 
Oe. The continuous lines are linear fittings. 

The variation in Tp for different h ac amplitudes, mea- 
sured with / = 1 kHz, is plotted in Fig. 3. The largest 
measuring amplitude for which a peak is observed is h ac 
— 3 Oe, with Tp = 2.7 K. A polynomial fitting (con- 
tinuous line) yield h ac (Tp=0) = 5 Oe. This is the full 
penetration field H*(0) of the bar-shaped sample at T — 
for / = 1 kHz. 



IV. DISCUSSION AND CONCLUSIONS 



III. RESULTS 

Figure 1 shows the imaginary part of the ac suscepti- 
bility of Ru-1222, x"(hac,TJ). For the sake of clarity, 



As already mentioned, the critical state model has been 
successfully used to characterize the granular properties 
of high-T c superconductors. In particular, it was shown 
that a flux creep term added to the current density term 
in the critical state equation accurately accounts for the 
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shift in the x" peak to higher temperatures with increas- 
ing frequency of the ac fieldi^S4i2Si2& In the following, 
we briefly review the essential ideas of this approach nec- 
essary to conduct the discussion; details can be found 
in the previously mentioned reports. We compare our 
results with bulk YBCO, for which more detailed data 
is available. One interesting prediction of the model is 
that larger shifts should be observed with decreasing av- 
erage grain size and critical current density at the in- 
tergrain junctions^ Since the connectivity of the weak 
link network in Ru-1222 is expected to be affected by 
the Ru-magnctization in the grains and the Ru-1222 av- 
erage grain radius R g rj 1 fiva. is lower than those re- 
ported for the YBCO sample (~7-10 /jm), this com- 
pound is a suitable material to verify this point. The 
five times larger temperature shift ATp due to a fre- 
quency variation, observed for Ru-1222 as compared with 
YBCO [AT P (YBCO) -0.4 K 25 ] for the same Af interval 
confirms these predictions. It is worth mentioning that 
H*(0) for the Ru-1222 bulk sample is reduced by a fac- 
tor of four [AH*(0)ybco = 20 Oe for / = 1 kHz 26 ], also 
pointing to a weak intergrain connectivity. The dense, 
well-connected microstructure observed in the SEM im- 
ages indicate that this poor intergranular coupling is not 
related to small contact areas between the grains. 
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FIG. 3: The dependence of the x"-P ea k temperature Tp on 
log h ac - The continuous line is a polynomial fitting, giving 
h ac = 5 Oe for Tp = 0. Inset: The dependence of the activa- 
tion energies Ef, as determined from the slopes of the linear 
fittings in Fig. 2, on iog/w. The extrapolation to h ac = 0.02 
Oe (~ 1 A/m rms) gives E f (h ac =0.02 Oe) « 30 meV. 



The shift in Tp can be understood in terms of a fre- 
quency dependent effective pinning. As the frequency 
is increased, the intergranular vortices have less time 
to creep into the superconductor during each ac cycle. 
Then, in order to obtain the full penetration condition, 
a weaker intergranular pinning force density is needed to 
compensate a less efficient creep. Since the pinning force 
density weakens with increasing temperature, Tp must 
increase with the rise in frequency. 



For the calculation of the intergranular critical current 
density the critical state equation for an infinite slab is 



dH{x)/dx = J C (H,T) 



F P (H,T) 
\B(x)\ 



(1) 



where B(x) is the local macroscopic flux density due to 
the external field, x is the coordinate perpendicular to 
the slab, and F P (H,T) is the pinning force density given 
by 



F P (H,T) 



V b d 



U{H,T) + kTln 



(2) 



where U (H, T) is the pinning depth potential, VJ, is the 
flux bundle volume and d half the width of the pinning 
potential well. The second term in Eq. (2) represents the 
flux creep contribution. The flux bundle Vb for intergran- 
ular vortices is assumed to contain a single flux quantum 
#0) and the pinning sites are supposed to be located be- 
tween the corners of adjacent grains. For granular ma- 
terial approximated by a regular array of junctions and 
cubic grains it is obtained^ 



\B(x)\ 



(3) 



where R g represents the average grain radius. The half 
width d of the pinning potential is equated to R g . Insert- 
ing Eqs. (2) and (3) into Eq. (1) and evaluating for H=Q 
and T=0 one obtains 



Jc(0,0) 



Ru 



2i? 2 <?o 



(4) 



where Jc(0, 0)p u is the critical current density at zero 
external field of a weak link network with its connectivity 
affected by the intrinsic Ru-magnetization; we will return 
to this point below. 

Miiller— showed that in the zero-field limit Ef(Tp, 
h ac — 0) = U (0,0). The procedure adopted in the studies 
of high-T c cuprates is to extrapolate the Ej vs. \ogh ac 
plot to the low-field region. Since the extrapolation to 
exactly h ac =0 is not possible, due to the divergence of 
the logarithmic function, the usual practice is to take 
h ac =l A/m (rms) = 0.02 Oe as a reference "low field 
criterion" which is close to our lowest h ac am- 

plitude used. The extrapolation in Fig. 3 gives U(0, 
0)= 30 meV. This value represents a 400-fold decrease 
in comparison to YBCO [U(0,0) Y bco = 12 eV]. Us- 
ing Eq. (4) with U(0, 0) = 30 meV we obtain J c (0, 
0)ru = 110 A/cm 2 , a value six times lower in comparison 
to YBCOi^i It is important to notice that the decreas- 
ing factor for Jq (0,0), as determined from the frequency 
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shift, is similar to that for H*(0), which was obtained 
from the h ac dependence of the x"-peaks. The huge ef- 
fect in U(0, 0) is due to a strong weakening in the con- 
nectivity of the intergranular network as a consequence 
of the Ru magnetization in the grains. The impact on 
Jc(0, 0)r u is less intense due to the small average grain 
size. 

The value of </c(0, 0)^ u can be calculated by an alter- 
native approach, still within the framework of the critical 
state model. Equation (1) can be written as 

where the dependence of Jc on the local magnetic field 
H(x) is modeled by a Kim- type envelope of the Fraun- 
hofer patterns associated to the distribution of junction 
qualities in the polycrystal. Here, Hq=<S>o/ fioAj, where 
Ho is the permeability of free space, Aj=2R g [2XL{T)] is 
the field penetrated junction area and Xl(T) is the intra- 
grain London penetration length. Evaluating Eq. (5) for 
the full penetration condition of the bar by an external 
field at T = and integrating we obtain 

-£M-^ (0)+Jc(0 ' 0) -(i) = (6) 

where a is the thickness of the bar. 

The use of Eq. (6) for the calculation of Jc(0, 0)_r„ re- 
quires the knowledge of Al(0). However, it must be kept 
in mind that the intragrain London penetration length 
has some peculiarities in the ruthenate-cuprates. It has 
been demonstrated for Ru-1222 that the intragrain super- 
fluid density 1/A^ 2 does not follow by far the linear cor- 
relation with Tsc observed for homogeneous cuprates£ 
Also, it was found that Xl is very sensitive to the par- 
tial pressure of oxygen during the final annealing, vary- 
ing between 0.4 fim (T S c = 40 K) and 1.8 /im (T S c = 
17 K)& For Ru-1212, samples with intragrain transition 
temperatures higher than 20 K show at 5 K as large as 
2-3 /im£ Thus, there is considerable uncertainty in the 
choice of the appropriate value of Xl to determine Jc(0, 
0)ru in our sample using Eq.(6). Instead, we look for 
a confirmation of the validity of the critical state model 
by taking the Jc(0, 0)r u value obtained from the fre- 
quency shift, and derive Xl(0). Taking Jc(0, 0)i{ u =110 
A/cm 2 , R g — 1 fj,m, H*(0) = 5 Oe, and a = 1.7 mm we 
obtained Al(0) = 2.2 /im, in good agreement with the 
value Xl(5 K) = 1.8 /im reported for Ru-1222 ceramic 
with an intragrain transition temperature Tsc = 17 K 
(near to our value of Tsc = 22 K) through the particle 
size dependence of the real part of the susceptibility^ We 
remark that Xl(0) is larger in comparison to YBCO and 
other optimally-doped high T c cuprates, and compara- 
ble to the average grain size of Ru-1222. This should 
be related not only to the underdoped character of the 



ruthenate-cuprates, as revealed by Hall effect and ther- 
mopower measurements but also to a very distinctive 
feature of these compounds. Both Ru-1212 and Ru-1222 
exhibit structural domains of coherent rotated RuOg oc- 
tahedra, separated by antiphase boundaries with local 
distortions and defects? 2 " This characteristic has been pro- 
posed to be the source of the strong intragrain granularity 
observed in these compounds, with the boundaries act- 
ing as intragrain Josephson junctions between the struc- 
tural domains^ Within this scenario, the magnetic field 
penetrates the grains not only through their crystallo- 
graphic borders but also through the antiphase bound- 
aries, increasing the penetrated volume and leading to 
an enhanced effective Xl and to a small and sometimes 
missing Meissner signal. Therefore, the obtained Al(0) 
provides a reliable estimate, and confirms the validity of 
the critical state approach. 

Finally, we address the magnitude of the local field at 
the intergranular junctions due to the Ru magnetization, 
Hr u . The use of the critical state model, leading to a 
decreasing field profile in the ceramic as its center is ap- 
proached, is valid only if the external field is comparable 
to Hr u . In the case where h ac is much smaller than Hr u , 
its effect on the connectivity of the weak link network is 
negligible, and no amplitude dependence for the position 
of the x"-peaks would be observed. In other words, a 
large Hr u will result in a flat intrinsic field profile un- 
affected by h ac . Magnetic fields of the order of 600- 700 
Oe have been measured by muon spin rotation^ and Gd- 
electron paramagnetic resonance^i in sites located near 
to the RuC>2 layers. However, the dipolar field rapidly de- 
cays with distance, and the local field at the junctions can 
be considerably smaller. Defects and imperfections in the 
region of the intergrain boundaries can locally affect the 
magnetic order of the Ru moments, diminishing the effec- 
tive field. An estimation of Hr u can be performed using 
the value reported for the intergrain critical current in 
the isomorphous non-ferromagnetic Nb-1222 compound 
(J c Nb = 1545 A/cm 2 at T = 5 K) 15 ). Assuming similar 
superconducting properties, and keeping the Kim-type 
model to account for the dependence of Jc with the lo- 
cal magnetic field we can write 

J c {H extl T = 0) Ru = J c {H ext = 0,T = 5K) Nb x 



_\H(x)+H Ru \ + (JT /2)J ' ' 

,where H (x) and Hr u must be added taking into account 
their relative orientations. Evaluating Eq. 7 for H ext = 
h ac = and taking Al(0) = 2.2 /im, R g = 1 /im [giving 
H o (0) = 2.3 Oe] and J c (0, 0) Ru = 110 A/cm 2 , we obtain 
H Ru =15 Oe. An intrinsic local field at the intergranular 
junctions of this magnitude is large enough to greatly 
affect the connectivity of the network, but still leaving it 
sensitive to the action of external oscillating fields of a 
few Oersted. 

In summary, a detailed study of x"(/i ac ,/, T) curves 
in polycrystalline Ru-1222 allowed for the first time to 
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our knowledge a quantitative characterization of the in- 
tergrain coupling in a ruthcnatc-cuprate. The intergran- 
ular pinning potential and the critical current density at 
zero field and temperature were determined. A critical 
state model, including flux creep effects, was found to 
properly describe the \" behavior. The pinning poten- 
tial showed a very strong decrease in comparison to the 
high T c cuprates. This is ascribed to the effects of the 
Ru magnetization in the grains on the connectivity of the 
weak link network, giving a local field at the junctions of 



about 15 Oe. The approach yields a large value for the in- 
tragrain London penetration length, which matches with 
the strong intragrain granularity effects observed in Ru- 
1222. 
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